The complexity of reducing the flammability of non-carbonising polymers, in particular polyolefins, is due to the fact that, as a result of thermal degradation, volatile compounds are formed that possess a high heat of combustion: C 1 -C 8 alkanes and alkenes, alcohols, aldehydes, and ketones. Polyolefins, in particular polyethylene (PE) and polypropylene (PP), are entirely gasified, virtually without forming a carbonised residue (CR) (ref. 1) .
In view of the fact that PE and PP contain no functional groups, the scope for their chemical modification is extremely limited, and therefore, to lower their flammability, in industry use is made of the method of introducing flame retardants (FRs) into the polymer melt at the processing stage. Published data indicate the promise of using phosphorus-and nitrogencontaining compounds, as opposed to halogen-containing FRs, for the production of polyolefins with a reduced fire hazard.
An investigation was made of the comparative effectiveness of the fireproofing action for PE and PP of the following phosphorus-containing compounds: fireproofing agent T-2 (a nitrogen-containing derivative of alkylphosphonic acid), ammonium polyphosphate (APP), APP with pentaerythritol (PER), and a derivative of phosphoric acid and PER. As shown by the methods of thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), the FRs indicated decompose with an endo effect in the temperature range coinciding with the temperature of the start of intense breakdown of PE and PP, which may have a considerable
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The FRs selected were introduced into a PE and PP melt during extrusion in a quantity of 25 wt.% of the polymer. The fireproofing indices of the composites were analysed from the oxygen index (OI). In accordance with the data obtained, the coefficient of effectiveness of the fireproofing action (where ∆OI is the difference between the OI of the initial and modified polymer, C is the phosphorus content (wt.%), and A is the atomic mass of phosphorus (ref. 1)) amounted to 0.7 and 0.9 for PE and PP respectively. The introduction into PE, besides APP, of PER leads to the production of a composite with higher fireproofing characteristics (the OI is increased from 25.1 to 27.3% when 25% fire-retarding system is introduced into the polymer). This is due to the fact that, under conditions of combustion of a composite containing APP and PER, a foamed layer is formed which has low thermal conductivity, serving as a barrier for heat transfer from the flame to the lower-lying layers of the polymer and preventing its pyrolysis (ref. 2) . However, the use of a mixture of PER and APP to lower the flammability of polyolefins by introducing them into the polymer melt is complicated by the fact that, during formation, as a result of the interaction of PER and APP, gaseous compounds are formed that disrupt the stability of formation and adversely affect the physicomechanical properties of the polymer produced. To eliminate this shortcoming, an attempt was made to use a derivative of phosphoric acid and PER as the FR.
However, the effectiveness of the fireproofing action of this compound proved to be lower than the PER-APP flameretarding system on account of a reduction in the degree of foaming of the CR and a change in its heat-shielding characteristics (when 25% of the given FR was introduced into PE, the OI did not exceed 26%). A considerably greater effectiveness of fireproofing action in relation to the polymers obtained is exhibited by fireproofing agent T-2, the coefficient of effectiveness of the fireproofing action of which amounted to 2.5 in the case of the modification of PE and 2,3-PP.
In an investigation of the thermal degradation of PE modified with fireproofing agent T-2, it was shown by DSC ( Fig. 1 ) that the main difference in the nature of thermal breakdown by comparison with the initial PE is observed in the temperature range 250-450°C. The breakdown of the initial polymer in this temperature range is accompanied with a considerable exothermic effect, which indicates the occurrence of oxidative processes.
On the DSC curve of phosphorus-containing PE there is an endothermic effect with a maximum at 350°C, governed by the endothermic process of breakdown of fireproofing agent T-2. It is in this temperature range that combustion and spontaneous combustion of the initial PE occur (T com = 341°C, T sp.com = 349°C). According to DSC data, the total amount of heat generated during thermal degradation of a PE composite containing fireproofing agent T-2 is 1.8 times lower compared with the initial PE, which leads to slowing down of the process of degradation of the polymer. For phosphorus-and nitrogen-containing PE, the ratio of the amounts of volatile products (VPs) released and the CR formed at 550°C is 8.1, while breakdown of the initial PE proceeds at a high rate, and the ratio of the VPs and CR is 24.0 (Fig. 2) . This indicates that, in the presence of fireproofing agent T-2, a change occurs in the direction of the processes occurring during pyrolysis towards an increase in CR formation.
The difference between the experimental TGA curves of composites and the calculated curves plotted on the assumption of additivity of weight losses of PE and fireproofing agent T-2 indicates the mutual influence of the components of the mixture during thermal degradation (Fig. 3) . At the initial stage of thermal breakdown, the weight loss of the composite is lower than the additive value, which is due to the formation of intermolecular bonds. The heat stability of a phosphoruscontaining composite in the temperature region 300-500°C corresponding to high breakdown rates is considerably higher than that of the initial PE. An analysis of the composition of the CR produced during the thermolysis of a composite of PE + fireproofing agent T-2 at 350°C for 30 min showed that it contains 33.0% P and 16.1% N of the quantities introduced into the polymer.
The weight loss during high temperature pyrolysis of phosphorus-and nitrogen-containing PE and PP is lower than for the initial polymers, especially in the case of the composite PE + fireproofing agent T-2, and here there is also an increase in the time of their thermal breakdown.
The occurrence of carbonisation of PE in the presence of fireproofing agent T-2 leads to a smaller reduction in the effective viscosity of the pyrolysing melt (Fig. 4) . When PE is heated above 300°C, there is a sharp reduction in the effective viscosity of the melt. Fireproofing agent T-2 changes the direction of thermolysis of the PE at T > 300°C, promoting where r is the Van der Waals diameter of the molecule. The higher the viscosity of the system, the longer is the contact time of the molecules in the cage and the greater the probability that they will react. Consequently, the probability of the occurrence of secondary reactions of recombination of the radicals formed during the thermolysis of the composite PE + fireproofing agent T-2 increases, which leads to a reduction in the degradation rate of the given composite.
The carbonised layer formed during the thermolysis of PE containing fireproofing agent T-2 prevents the penetration of thermal energy towards the inner layers of the polymer, which, again, prevents degradation and the escape of gaseous compounds into the pyrolysis zone.
An investigation of the thermolysis of composites under isothermal conditions (600°C, 2 min) in vacuum showed that the introduction of fireproofing agent T-2 into the polymer leads to a reduction in the amount of volatile compounds released by comparison with the initial polymer. This is characteristic to a larger degree of modified PE (by 30%).
The reduction in the amount of carbon monoxide and dioxide released in the case of the thermolysis of PE containing fireproofing agent T-2 was confirmed by gas chromatography (Fig. 5) . The reduction in carbon dioxide is particularly marked, which is due to inhibition in the presence of fireproofing agent T-2 of gas-phase oxidative processes on account of phosphorus and nitrogen compounds passing into the gas phase (67.0 and 83.9% respectively of the quantities introduced into the polymer).
Calculation of the kinetic parameters of the process of thermo-oxidative degradation of the initial and the phosphoruscontaining PE showed that the activation energy of the start of breakdown of the modified polymer is considerably lower (154 kJ/mol as opposed to 301 kJ/mol for the initial PE). This, in turn, leads to a reduction in the combustion rate of the polymer.
Thus, the mechanism of reduction in the combustion of PE and PP in the presence of fireproofing agent T-2 is as follows:
• a reduction in the exothermic effect of the oxidation of PE and PP on account of breakdown of fireproofing agent T-2 in the temperature region of combustion and spontaneous combustion of the given polymers;
• an increase in polymer melt viscosity during pyrolysis, as a result of which the rate of its degradation decreases;
• a reduction in the amount of carbon fuel entering the combustion zone owing to CR formation;
• a reduction in the diffusion of oxygen and active particles from the flame to the decomposing polymer owing to the retarding action of the carbonised layer and the consequent reduction in the probability of thermo-oxidative degradation, the pyrolysis rate, and, as a whole, the exothermic effect of the given process.
The investigations carried out made it possible to draw up a block diagram of the reduction in the fire hazard of non-carbonising polymers (Fig. 6 ). An effective FR leads to a reduction in the exothermic effect of breakdown in the region of the temperature of combustion and spontaneous combustion of polymers, which promotes a reduction in the kinetic parameters of the process of thermo-oxidative degradation and leads to carbonisation. 
